Members of the GCM family of transcription factors contain a DNA binding domain unrelated to any other known DNA binding domain and bind to a DNA sequence motif not recognized by any other known transcription factor. Here we show that positions 2, 3, 6 and 7 of the 5′-ATGCGGGT-3′ motif are particularly important for DNA binding and that methylation of several G residues on the upper strand, but not on the lower strand, interfered with binding of GCM proteins. No differences were detected between the DNA binding of Drosophila GCM and mammalian mGCMa. Alanine scan mutagenesis of the DNA binding domain of mGCMa identified the three conserved amino acids K74, C76 and C125 as being essential for DNA binding. Conserved cysteine residues were also found to be important for maintaining the overall integrity of the DNA binding domain and for mediating redox sensitivity of DNA binding. These cysteine residues are arranged in a symmetrical structure that bears no resemblance to other cysteine-containing structures, such as zinc fingers. In agreement with this, DNA binding of mGCMa was not dependent on zinc ions. Our results give insights into the exact nature of the GCM binding sites expected in target genes and point to a role for redox regulation in the function of GCM proteins.
INTRODUCTION
Analysis of Drosophila melanogaster enhancer trap lines and chemically induced mutants has led to the identification of glial cells missing (gcm), a gene involved in the early determination events of neural precursor cells (1) (2) (3) . Transient expression of gcm in neural precursors of both the peripheral and central nervous system is sufficient to direct these cells towards a glial cell fate, whereas the default neuronal fate is chosen in its absence. As a consequence, gcm-deficient flies produce a surplus of neurons at the expense of their glial counterparts, whereas gcm-overexpressing flies produce a surplus of glia at the expense of neurons. Therefore, gcm has been postulated to function as a binary genetic switch between neuronal and glial determination in Drosophila (4, 5) . A similar role for gcm has also been postulated outside the nervous system in the scavenger cell lineage of Drosophila (6) .
The GCM protein did not show any structural homology to known proteins at the time of its identification. Structure-function analyses revealed, however, that GCM contained a DNA binding domain (7, 8) . This DNA binding domain is situated in the N-terminal region of GCM, spans ∼150 amino acids and is responsible for binding to the 5′-ATGCGGGT-3′ motif or its 5′-ACCCGCAT-3′ complement. In addition to this DNA binding domain, GCM contains a powerful transactivation domain in its C-terminus, so that GCM functioned as a bona fide transcriptional activator in cell culture systems (8) .
GCM-like proteins also exist in mouse and man (7, 9) . At present it is unclear whether these mammalian proteins perform functions analogous to GCM from Drosophila. Sequence similarities between GCM and its mammalian relatives are highest within the N-terminal DNA binding domain, the so-called GCM box. To examine the DNA binding specificities of GCM-like proteins and to obtain a first characterization of the structurally novel GCM box, we here performed a detailed mutational analysis of the GCM box, its DNA recognition site and their interaction.
MATERIALS AND METHODS

Plasmids and site-directed mutagenesis
A fragment spanning the complete open reading frame of mGCMa (7) was isolated from cDNA of undifferentiated P19 cells and was inserted into pCMV5. The N-terminal 174 amino acids of mGCMa were amplified from this fragment by PCR and cloned between the EcoRI and SalI sites of pCMV5, yielding the eukaryotic expression vector for the mGCMa DNA binding domain. Using this plasmid as a template, alanine substitutions of single amino acids were generated by the QuikChange sitedirected mutagenesis kit (Stratagene) according to the manufacturer's instructions. The DNA binding domain of Drosophila GCM (corresponding to amino acids 31-190) was obtained by PCR amplification from Gcm-N9delta (1) and inserted between the EcoRI and KpnI sites of pCMV5. The expression plasmid coding for Krox24/Egr-1 was as described (10) .
Cell culture, transfection and extract preparation
COS cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum and transfected *To whom correspondence should be addressed. Tel: +49 40 4717 6274; Fax: +49 40 4717 6602; Email: wegner@plexus.uke.uni-hamburg.de by the DEAE-dextran technique using a concentration of 500 µg/ml DEAE-dextran followed by chloroquine treatment (11) . For extract preparation transiently transfected COS cells were lysed in the presence of 2 µg/µl leupeptin and aprotinin each in ice-cold 10 mM HEPES, pH 7.9, 0.2 mM EDTA, 2 mM DTT and 1% Nonidet-P40. Immediately after lysis, NaCl was added to a final concentration of 400 mM. After incubation for 15 min under constant rotation, cell debris was removed from the extract by centrifugation. To determine the content of GCM proteins present in each extract Western blot analysis was performed using a polyclonal antiserum against GCM (1:3000 dilution) (8), horseradish peroxidase-coupled protein A and the enhanced chemiluminescence detection system (Amersham). The volumes were adjusted so that the concentrations of GCM proteins were comparable between different extracts.
DNA-protein binding assays
Electrophoretic mobility shift assays were performed as described (12) with whole cell extracts from transiently transfected COS cells after equalizing GCM protein concentrations. Briefly, 0.5 ng 32 P-labeled probe (sequences as shown in Fig. 2A) were incubated with whole cell extract for 20 min on ice in a 20 µl reaction mixture containing 10 mM HEPES, pH 8.0, 5% glycerol, 50 mM NaCl, 5 mM MgCl 2 , 2 mM DTT, 0.1 mM EDTA, 2 µg bovine serum albumin and 1 µg poly(dI·dC) as non-specific competitor. To test the redox dependency of GCM proteins, extracts were diluted 40-fold in reaction buffer that either contained 2 mM DTT or were devoid of DTT. Additionally, aliquots of diluted whole cell extracts were treated with 70 µM diazenedicarboxylic acid bis(N,N-dimethylamide) for 5 min at room temperature in reaction buffer without DTT, prior to incubation with the radiolabeled probe. In some experiments 1 mM 1,10-phenanthroline or 0.5 µl antiserum were added to the reaction mixture. Samples were loaded onto native 4% polyacrylamide gels and electrophoresed in 0.5× TBE (45 mM Tris, 45 mM boric acid, 1 mM EDTA, pH 8.3).
Methylation interference analysis was carried out as described (13) . An oligonucleotide containing the GCM consensus binding site was selectively 5′-labeled on its upper or lower strand with T4 polynucleotide kinase, methylated with dimethyl sulfide and used as the probe in electrophoretic mobility shift assays. Proteinbound and free probe were separately isolated, cleaved at G residues by piperidine treatment and analyzed side by side (as equal c.p.m.) on an 8 M urea-15% polyacrylamide gel.
RESULTS
Using a degenerate RT-PCR strategy we have isolated a GCM-like protein from the mouse embryonal carcinoma cell line P19 (data not shown). Its sequence was almost identical to the published sequence of mGCMa over the entire length of the open reading frame (7) . As previously shown and summarized in Figure 1 , mGCMa and GCM from Drosophila melanogaster show a particularly high degree of amino acid identity within their respective GCM boxes, making it likely that all GCM-like proteins possess similar DNA binding specificities.
The preferred recognition element for GCM from Drosophila had previously been determined in two independent binding site selection assays (7, 8) . To evaluate the contribution of each base pair within the octameric DNA recognition element for GCM binding we introduced substitutions into each of the eight positions ( Fig. 2A ). Substitutions were performed such that a given base pair was replaced by the alternate one and that the strand distribution of purines and pyrimidines was switched. When electrophoretic mobility shifts were performed with extracts from COS cells transfected with the DNA binding domain of Drosophila GCM we readily detected binding of GCM to the wild-type recognition element 5′-ATGCGGGT-3′ (Fig. 2B) . Binding of GCM to all mutant sites was decreased in comparison with the wild-type site. However, single mutations differed dramatically in their effect. Mutation of an A-T base pair to C-G at position 1 interfered only slightly with GCM binding, as is evident from the intensity of the obtained GCM-DNA complex. In contrast, mutation of T-A to G-C at position 2 or of G-C to T-A at position 3 abolished DNA binding completely. Mutation of position 4 from C-G to A-T or of position 5 from G-C to T-A, on the other hand, had a much less severe impact, such that GCM binding could readily be observed, albeit at reduced strength. Mutation of position 6 or 7 from G-C to T-A again had detrimental effects similar to mutations of positions 2 and 3. No GCM-DNA complexes were formed with sites carrying these mutations. A mutation of position 8 from T-A to G-C also interfered with GCM binding. However, contrary to mutations at positions 2, 3, 6 and 7, a residual complex could still be detected.
When the same set of mutant GCM binding sites was used in electrophoretic mobility shift analyses with mammalian mGCMa we obtained a binding pattern that was indistinguishable from that of Drosophila GCM (Fig. 2B) . Again, mutation of positions 2, 3, 6 and 7 had the strongest impact on mGCMa binding, followed by mutation of position 8 (Fig. 2C) . These results indicate that Drosophila GCM and mGCMa have very similar, if not identical, DNA binding properties. In effect, we failed to detect any significant difference between the DNA binding characteristics of Drosophila GCM and mGCMa throughout our study. Therefore, only those data which we obtained for mGCMa will be presented in the following.
Several of the positions identified as being important for GCM/mGCMa binding to its consensus recognition site carry G residues on either strand. Their influence on DNA binding was analyzed by methylation interference assay (Fig. 3) . A striking difference in the effect of methylation was observed between the upper and lower strands. Methylation of any of the four G residues on the upper strand of the binding site strongly interfered with mGCMa binding. These included not only those G residues present at positions 3, 6 and 7 that had been found to be important for DNA binding in mutational analysis of the GCM consensus recognition site (Fig. 2) , but also included the G at position 5, although its substitution by a T only caused a minor reduction in DNA binding.
In contrast to the upper strand, methylation of the single G present on the lower strand within the GCM consensus binding site did not interfere with mGCMa binding. Similarly, methylation of G residues in the flanking regions on either strand did not affect binding of mGCMa, indicating that specific contacts between GCM proteins and DNA are restricted to the core recognition element.
Having characterized the requirements for GCM binding on the DNA level, we next turned to the protein. To determine whether GCM proteins bind DNA as monomers or dimers, extracts containing either the DNA binding domain of mGCMa or the full-length mGCMa protein were mixed before incubation with a radioactively labeled consensus recognition site. When electrophoretic mobility shift assays were performed with mixed extracts two complexes were observed with mobilities corresponding to those characteristic of full-length mGCMa or the isolated DNA binding domain (Fig. 4A) . No intermediate band indicative of a heterodimer between both proteins was obtained, suggesting that GCM proteins bind DNA as monomers. As is evident from the sequence alignment in Figure 1 , the DNA binding domain of GCM proteins contains a high percentage of conserved arginines, lysines, cysteines and histidines. The positively charged arginine and lysine residues have previously been shown in other DNA binding domains to be engaged in direct contact with DNA, whereas cysteines and histidines are often involved in coordination of zinc ions. Although the cysteines and histidines of GCM proteins are not arranged in a configuration that overtly resembles any of the known zinccontaining structures, it is still conceivable that these residues participate in a novel type of coordination center which is important for the DNA binding activity of GCM proteins. Using the high affinity zinc chelator 1,10-phenanthroline (14,15) we probed for the presence of zinc in the DNA binding domain of mGCMa. As shown in Figure 4B , preincubation with 1,10-phenanthroline prior to addition of radiolabeled DNA prevents binding of the zinc finger protein Krox-24/Egr-1 to its consensus recognition site. However, the same treatment did not influence binding of mGCMa to its recognition site (Fig. 4B) . DNA binding of mGCMa was not only refractory to the presence of 1,10-phenanthroline, but also to the presence of EDTA, which chelates a wide spectrum of divalent metal ions, including Mg 2+ , Ca 2+ and Zn 2+ (data not shown). Thus, it seems unlikely that zinc ions play a critical role in determining the structural identity of the DNA binding domain of GCM proteins.
Cysteine residues are not only known for their metal coordination capacity, but also for their ability to confer redox sensitivity to transcription factors such as Jun/Fos, CREB/ATF, NF-κB and c-Myb proteins (16) (17) (18) . Given the large number of conserved cysteines within the DNA binding domain of GCM proteins, we asked whether DNA binding of mGCMa was dependent on its redox state. As shown in Figure 5A , mGCMa which was kept in the absence of DTT had a strongly diminished DNA binding activity compared with mGCMa which was continuously kept in the presence of DTT. Redox-dependent loss of DNA binding proved to be reversible, as re-addition of DTT to mGCMa-containing extracts led to recovery of DNA binding (data not shown).
Pretreatment of mGCMa with strong sulfhydryl oxidizing agents, such as diazenedicarboxylic acid bis(N,N-dimethylamide) (diamide), on the other hand, abolished DNA binding of mGCMa, thus clearly showing that DNA binding of mGCMa only occurs in the reduced state. Incubation of mGCMa with the radiolabeled GCM consensus recognition site prior to diamide treatment protected mGCMa from inactivation (data not shown). This suggests that the amino acids which mediate redox sensitivity are associated with DNA.
To be able to determine the role of single amino acids in DNA binding, redox dependency and in the structural context of the DNA binding domain, we next performed a scanning mutagenesis study during which 28 amino acids of mGCMa were changed to alanine residues. The chosen residues were the arginine, lysine, cysteine and histidine residues conserved between GCM proteins. As indicated in Figure 1 , these residues were evenly distributed throughout the GCM box. Each substitution mutant was expressed in transiently transfected COS cells and assayed for its DNA binding activity. Several mutants were poorly expressed (Table 1) . These included the cysteine residues, except C101, as well as a cluster of amino acids in the C-terminal part of the GCM box (H152, H154 and R156). The amounts of all alanine substitution mutants were adjusted in Western blots. For mutants with low expression rates ∼6-to 11-fold the amount of COS extract was used as for mutants with high expression rates, as exemplified in Figure 6A . When tested in electrophoretic mobility shift analyses with wild-type and mutant GCM binding sites, most mutants exhibited unaltered DNA binding, as defined by strong binding to the consensus GCM binding site and a binding strength for each mutant site similar to that observed with wild-type mGCMa. Alanine substitutions of only three residues abrogated DNA binding (Table 1) . These included the lysine at position 74 (K74) of mGCMa and the cysteines at positions 76 and 125 (C76 and C125). Two aspects are remarkable about the location of these residues: (i) K74 and C76 are in such close proximity to each other that it seems plausible to assume that this region is part of the DNA recognition interface of mGCMa; (ii) C76 and C125 are the two outer of seven conserved cysteines which are symmetrically spaced relative to the center cysteine at position 101. Their arrangement is summarized in the formula C76-X 5 -C82-X 3 -C86-X 14 -C101-X 11 -C113-X 2 -C116-X 8 -C125.
A functional relevance of this structure is suggested by the observation that alanine substitution of all other of these seven cysteines also led to detectable alterations in the gel shift pattern (Table 1 and Fig. 6B ). Mutation of either C82, C86, C113 or C116 did not significantly change the affinity of mGCMa for its binding sites, but led to protein-DNA complexes that exhibited slower mobility in electrophoretic mobility shift assays than the wild-type mGCMa or all other alanine substitution mutants. Thus, it seems likely that substitution of any of these residues alters the normal conformation of the DNA binding domain. The same altered mobility was retained in double alanine substitution mutants, in which the C82A mutation was combined with mutations in C113 or C116 respectively (Fig. 6B) . Combination of C82A with C86A, in contrast, led to a strong reduction in DNA binding activity such that complex formation was barely detectable for the C82A,C86A double mutant.
Alanine substitution of C101, the cysteine at the center of the above mentioned structure, showed another interesting feature. The C101A mutant was expressed well and bound to the consensus GCM binding site with considerable strength. However, when tested for redox dependency of DNA binding the C101A mutant exhibited a peculiar behavior. Similarly to wild-type mGCMa, most mutants bound to DNA only in a reducing environment, as exemplified in Figure 5B for the K103A and C86A substitutions. The C101A mutant, however, failed to show this redox dependency, as binding to DNA was observed even in the absence of the reducing agent DTT and in the presence of the sulfhydryl oxidizing agent diamide (Fig. 5B) . Thus, it seems likely that C101 is involved in the redox regulation of mGCMa binding to DNA.
DISCUSSION
In this report we characterized the DNA binding properties of GCM proteins. Similarity between Drosophila GCM and its mammalian homologs is highest within the N-terminal part of the protein (7, 9) , which also harbors the DNA binding domain (7, 8) . It is an important finding of this study that the high degree of conservation between the DNA binding domains of GCM proteins translates into very similar, if not identical, DNA binding characteristics. Throughout this study we failed to detect any significant difference in DNA binding behavior or strength between GCM and mammalian mGCMa.
An octameric sequence 5′-ATGCGGGT-3′ (or its complement 5′-ACCCGCAT-3′) had previously been defined by us and others as the optimal DNA recognition site (7, 8) . This site does not possess the palindromic structure that is indicative of recognition by protein dimers. In agreement, our analysis shows that GCM proteins bind DNA as monomers.
One of the main objectives of this study was to analyze by site-directed mutagenesis the contribution of each single base pair to GCM binding. Although all base pair substitutions decreased binding of GCM, there was substantial variability in the extent to which single base pair mutations were detrimental. Presence of the optimal base pair was most important at positions 2, 3, 6 and 7 of the octameric recognition site, and least important at position 1. The influence of base pair mutations at positions 4, 5 and 8 was intermediate, with mutation of base pair 8 having more severe effects than mutations of either base pair 4 or 5. These studies should prove helpful in the search for GCM binding sites in the regulatory regions of potential GCM target genes. Deviations from the consensus GCM recognition site at positions 1, 4 or 5 should be much more tolerable than alterations at position 8. Positions 2, 3, 6 and 7 are expected to be invariant. Recently identified GCM binding sites in the 5′-flanking region of the repo gene, a potential target for Drosophila GCM, fit very well with these predicitions (7) .
In general, results from methylation interference experiments were in good agreement with results from binding site mutagenesis. Methylation of four G residues interfered with binding of GCM. Three of them were located at positions 3, 6 and 7, all of which had been identified as important determinants of GCM binding. Methylation of the fourth G at position 5 also interfered with GCM binding, despite the fact that this position had been found to be of lesser importance for GCM binding. However, as position 5 lies in the center of the GCM recognition site it is conceivable that base methylation at this position causes sufficient steric hindrance to prevent GCM binding even in the absence of direct contacts between this position and the protein. It is intriguing that all interfering bases were found on the upper strand.
To be able to better understand the structural requirements for DNA binding of GCM proteins we performed an elaborate alanine scanning mutagenesis of the DNA binding domain of mGCMa. Among all of the 15 positively charged arginine and lysine residues analyzed by alanine substitution only K74 was sufficiently important for DNA binding to cause inactivation of mGCMa upon mutation (Fig. 7) . Even more surprising, mutation of the six conserved histidine residues did not interfere with DNA binding of GCM proteins. Our analysis, however, pointed to the importance of the seven conserved cysteine residues for DNA binding of GCM proteins. Mutation of two cysteines abolished DNA binding completely, whereas mutation of four other cysteine residues altered mobility of the mGCMa-DNA complex (Fig. 7) . Furthermore, mutation of the remaining cysteine led to loss of the intrinsic redox sensitivity of mGCMa. Thus, cysteines within the DNA binding domain of GCM proteins are involved in shaping the overall conformation of the domain, in the process of DNA binding and in the redox regulation of DNA binding. At present it is unclear how these cysteine residues perform their function. We failed to obtain evidence for a role of these cysteines in coordination of zinc or other divalent metal ions. Furthermore, the arrangement of these residues did not exhibit any structural resemblance to other cysteine-containing structures, including metal coordination centers. Given the highly symmetrical arrangement of the cysteines within the DNA binding domain of GCM proteins (Fig. 7) it is tempting to speculate that these cysteines are the backbone of a higher order structure. The exact nature of this structure will have to await crystallographic and NMR spectroscopic analyses.
Finally, it is highly remarkable that DNA binding of GCM proteins is subject to redox control. Redox sensitivity of DNA binding has previously been observed in a number of other transcription factors, such as Jun/Fos, CREB/ATF, NF-κB, c-Myb, p53, NF-Y and HIF-1 (16) (17) (18) (19) (20) (21) (22) . Most of these transcription factors are stimulated transiently in response to extracellular signals and have to be tightly regulated in their action. GCM proteins are under a similarly tight control, as evidenced by transient induction of Drosophila GCM during neural development (1, 2) . This transience has been attributed in part to the presence of an instability signal in the mRNA and to a PEST sequence in the GCM protein itself (1, 2) . The PEST signal has been conserved in mammalian mGCMa (7, 9) . We propose that the redox sensitivity, which we have observed in this study for the DNA binding ability of GCM proteins, provides an additional means of fine tuning the action of this group of transcription factors. Thus, it should be possible to control GCM proteins not only by regulating their rate of synthesis and turnover, but also by regulating their activity through changes in cellular redox potential.
